Flow cytometric analysis of human peripheral blood leukocytes has typically been achieved by staining multiple aliquots of the same sample with fluorescent reagents specific for cell subsets of interest. Spectrally discrete fluorochrome tags have been developed for applications in which identification of multiple subsets (e.g., T and B cells) or of subsets not uniquely identified by a single reagent (e.g
approach is the ability to more accurately quantify "null" cells. Adjustment of fluorescence intensity profiles of different cell subsets by this method is applicable to flow cytometric analysis of a wide variety of cell types. The technique significantly extends the analytical capacity of flow cytometry without significantly increasing the complexity of the instrumentation required.
Flow cytometry is used widely as a powerful tool for the identification and quantification of leukocyte subsets in peripheral blood in experimental and clinical immunology (1) (2) (3) (4) . Specific cell subsets bearing characteristic cell-surface antigens are identified using antibodies labeled with fluorochromes such as fluorescein (5) , rhodamine (6) , Texas red (7), or phycoerythrin (PE) (8) . These reagents bind to antigen-positive cells, which are then detected as a fluorescent population(s), while nonlabeled cells fail to fluoresce. Mixed populations can be analyzed at rates of 300,000 cells per min, in modem instruments, affording statistical precision because of the large sample size. Although a large panel of monoclonal antibodies is available that permits accurate identification of immature and mature leukocytes, and also various neoantigens expressed by neoplastic leukocytes, the number of leukocyte subsets that can be identified in a single blood sample is at present limited by the lack of spectrally distinguishable fluorochromes. To use a single excitation source, the chromophores used to label different antibodies must exhibit similar excitation spectra but differ sufficiently in their emission spectra to permit detection at different regions of the spectrum.
By using a mixture of antibodies labeled with two fluorochromes that display distinct emission spectra, such as fluorescein and PE, simultaneous identification of only three cell subsets can be achieved using a single laser for excitation. To detect additional cell subsets within a single preparation it is necessary to use a third chromophore, requiring either a second laser for excitation or complex filter windows and color compensation systems to correct for spectral overlap.
We report a method that allows simultaneous detection of two subsets of leukocytes for each chromophore used and up to five cell subsets using two-color fluorescence and a single laser. This method permits simultaneous quantification of To obtain the desired separation of the five cell subsets identified by these antibodies, the Leu-4 and the Leu-3a antibodies were diluted with unconjugated antibodies with identical specificity (same clone). The Leu-4 reagent was diluted by mixing 3 (Coulter) with an exciting wavelength of 488 nm at 500-mW power. A 488-nm dichroic mirror and 488-nm bandpass filter were used to measure the right angle light scatter (RALS) signal. A 515-nm interference filter and a 515-nm long-pass absorbance filter were used to block the excitation light from the fluorescence detectors. A 560-nm short-pass dichroic mirror was used to split the FITC/PE signal. A 575-nm bandpass filter was used in front of the PE photomultiplier. A 525-nm bandpass filter was used in front of the fluorescein photomultiplier and a 1.5 OD filter was used in front of the forward angle light scatter (FALS) detector. Gates were set around the mononuclear cells using RALS and FALS to exclude cell clumps or debris (9) (10) (11) . Cell viabilities, determined by flow cytometry (1, 12) using propidium iodide staining of dead cells, were consistently >95%. Color compensation was performed on all samples (13) .
RESULTS
Limititions of Current Methods. In Fig. 1A are fluorescence histograms obtained by flow cytometric analysis oftwo replicate aliquots of lymphocytes from the same individual, stained with antibodies to different cell subsets. Both aliquots were stained with antibodies tagged with the same fluorescent chromophore, PE. Since the instrument settings were identical for both samples, it is clear that the fluorescence intensities for the helper cells (Leu-3a positive) and suppressor cells (Leu-2a positive) are nearly identical. If these two cell populations were mixed together after being stained independently, it would be impossible to distinguish the two subsets since each displays an identical color and similar fluorescence intensity. (Fig. 2) . Note that the green fluorescence intensity in this analysis was selected so that the Th and T, subsets occupy the middle range of the abscissa.
Detection of an Increased Number of Leukocyte Cell Subsets Using One-and Two-Color Fluorescence. The number of mononuclear cell types in normal peripheral blood is limited. The unstained population of non-T cells identified in Fig. 2 comprises B cells, NK cells, and monocytes. These cell types can be identified and quantified by flow cytometry using a similar strategy ofantibody dilution. For example, B cells can be identified by using undiluted FITC-B1 antibody and two-parameter fluorescence (red versus green; Fig. 3 ). Since identical laser power and gain settings are used as in Fig. 2 , it is clear that the B-cell fraction occupies a different position on the abscissa than the T-cell populations.
NK cells were identified by using undiluted PE-conjugated Leu-llc antibodies and can be separated reliably from the Tand B-cell populations (Fig. 3) .
Finally, monocytes can be identified by staining samples with undiluted PE-Leu-M3 and FITC-Mo2 antibodies to human monocytes to attain maximal intensity positions on 
2) with unconjugated Leu-3a antibodies], T cells [FITC-Leu-4 antibodies diluted (3:4) with unconjugated Leu-4 antibodies], B cells (FITC-B1 antibodies), NK cells (PE-Leu-11c antibodies), and monocytes (MO) (PE-Leu-M3 and FITC-Mo2 antibodies).
red and green axes (Fig. 3) . The light scatter gates are set to include monocytes and lymphocytes.
The feasibility of using a mixture of seven antibodies to individual leukocyte cell subsets to achieve simultaneous identification of five cell types using undiluted antibodies (PE-Leu-2a; FITC-B1; PE-Leu-llc; PE-Leu-M3; FITCMo2) and diluted antibodies (PE-Leu-3a; FITC-Leu-4) is obvious in Fig. 3 . To determine the percentage ofTh cells, the number of cells located in the Th region can be integrated and expressed as a percentage of the total lymphocyte cell number (Th, Ts, NK, and B cells); these percentages are presented in Table 1 the subsets from four different individuals (two male; two female) in samples stained with the full panel of seven different monoclonal antibodies are shown in Fig. 4 . These results suggest that there is little interindividual variation in the position of the five cell subsets for normal subjects. Although the individuals differ in the relative number of each subset (see Table 1 ), the fluorescence intensities for each specific subset are almost identical.
DISCUSSION
This paper describes a simple and inexpensive method to expand the analytical capacity of flow cytometric techniques for characterizing leukocyte cell subsets in human peripheral blood. By diluting conventional commercial preparations of fluorophore-conjugated antibodies with unconjugated antibodies and staining cells, the fluorescence intensity profiles of different cell subsets can be adjusted to display distinguishable fluorescence profiles and permit simultaneous enumeration of multiple cell types. One might be tempted to reduce the fluorescence intensity of the cells by merely lowering the antibody concentration. This approach is not recommended because it is important to stain cells in saturation amounts of reagent, avoiding fluctuations in stain intensity due to cell number or antigen affinity differences. For this reason, the fluorochrome-conjugated reagent is diluted with unlabeled antibody of the same specificity. In addition to allowing simultaneous detection of two cell subsets using antibodies bearing the same fluorochrome, this method permits identification of up to five cell subsets by using two-color fluorescence and a single laser beam, an accomplishment hitherto limited to complex methods that Proc. Nadl. Acad. Sci. USA 83 (1986) require more than two fluorochromes with distinct excitation and emission spectra and expensive instruments with two lasers (14) . The present method thus offers a significant expansion in the capacity of conventional flow cytometric analysis without the need for new fluorophors or costly modifications in instrument design.
The present data illustrate the feasibility of using a cocktail of diluted and undiluted commercially available antibodies to achieve simultaneous detection of T cells, B cells, NK cells, and monocytes in a single aliquot. Although these particular cell subsets represent the major leukocyte classes examined in routine flow cytometric analyses for clinical investigation (15) (16) (17) (18) (19) (20) , the same approach could be used to quantify lymphocytes, monocytes, granulocytes, eosinophils, and basophils if appropriate fluorescent-labeled antibodies to each subset were available. A further attractive feature is that the method need not be limited to measurements with fluorophore-conjugated antibodies but is equally applicable to lectins or other ligands that can be coupled to fluorophores and bind with sufficient specificity to achieve differential fluorescence intensities between stained and unstained cells.
The ability to quantify immune cell subsets in the same blood sample by using antibodies labeled with a single fluorochrome is particularly useful in clinical laboratory analysis. Immunotaxonomic measurements of the relative quantities of immune phenotypes are being used increasingly as an important index of specific immune subsets in patients and to detect and monitor infections and immune dysfunction syndromes such as acquired immunodeficiency syndrome (21) . The method described in this study eliminates the need to use more complex two-color staining methods to detect Th cells and Ts cells in the same sample or the assay of individual subsets in replicate aliquots using antibodies labeled with the same fluorochrome. It should be pointed out that although shifts in fluorescence intensity (antigen density) were not seen in normal individuals (Fig. 4) , one might expect differences in fluorescence intensities among patients of specific disease types. Clearly, profiles using the multiple subset methodology must be obtained on leukocytes from patients with a variety of diseases. We may find that even though antigen densities may change, specific immunophenotyping patterns will be observed that are characteristic of each disease.
The choice of staining T, cells more intensely than the Th cells is not preferable, but it was dictated by limitations in current commercially available reagents for detection of these subsets. Examination of the T, histogram in Fig. 1A reveals weakly fluorescent cells are located between the two major peaks. These cells have been documented in previous reports (18 One of the difficult aspects of lymphocyte subset analysis is that light scatter gates must be established to distinguish lymphocytes from monocytes (10) . Although the setting of gates is not difficult on normal specimens, it can be extremely difficult on some patient samples. In particular, patients can have reactive lymphocytes that are larger in size and often merge into the monocyte region. In such samples, fluorescence analysis of lymphocyte subsets may omit some very important cells. In other samples, the monocytes may overlap in size with lymphocytes and the lymphocyte gates will include monocytes. In this case, fluorescence analysis of lymphocyte subsets may be inaccurate because nonspecific binding by monocytes would be interpreted as positively stained lymphocytes. In the method reported in this paper, monocytes can be distinguished by phenotypic markers (Leu-M3 and Mo2) and, as seen in Fig. 3 , will be displayed in the upper right corner of the histogram. Consequently, difficulties in overlap with lymphocytes would be eliminated unless patient's monocytes have reduced levels ofexpression of these markers.
Another advantage of using the multiple subset staining procedure is that all five immunophenotypes found in normal adult blood do not cluster at the origin (see Fig. 3 ). Using traditional methods illustrated in Fig. 1 A or B , T, can be enumerated effectively. However, if any immature cell types are present that are not found in normal blood, they would not be identified in the traditional histogram of Fig. 1 A orB since they would appear in the peak at the left side ofthe histogram along with the unstained B cells and NK cells and other unstained cell types. In contrast, the method employed in Fig. 3 would reveal the immature cells as a new peak of "null" cells located near the origin of the graph. Thus, the method not only is efficient in terms of sample size and time of analysis but also increases the analytical sensitivity to immature cells.
One of the limitations of the assay described is that the logarithmic amplifiers used are only three decades wide.'The availability of two six-decade logarithmic amplifiers and custom-coupled monoclonal reagents with optimal relative fluorochrome intensities would permit detection of a full myeloid subset analysis (22, 23) to the right of the monocyte position. The full capabilities of the method described in this paper have thus yet to be realized.
